Background: Bronchoscopy for the diagnosis of peripheral pulmonary lesions continues to present clinical challenges, despite increasing experience using newer guided techniques. Robotic bronchoscopic platforms have been developed to potentially improve diagnostic yields. Previous studies in cadaver models have demonstrated increased reach into the lung periphery using robotic systems compared to similarly sized conventional bronchoscopes, although the clinical impact of additional reach is unclear. Objectives: This study was performed to evaluate the performance of a robotic bronchoscopic system's ability to reach and access artificial tumor targets simulating peripheral nodules in human cadaveric lungs. Methods: Artificial tumor targets sized 10-30 mm in axial diameter were implanted
into 8 human cadavers. CT scans were performed prior to procedures and all cadavers were intubated and mechanically ventilated. Electromagnetic navigation, radial probe endobronchial ultrasound, and fluoroscopy were used for all procedures. Robotic-assisted bronchoscopy was performed on each cadaver by an individual bronchoscopist to localize and biopsy peripheral lesions. Results: Sixty-seven nodules were evaluated in 8 cadavers. The mean nodule size was 20.4 mm. The overall diagnostic yield was 65/67 (97%) and there was no statistical difference in diagnostic yield for lesions < 20 mm compared with lesions measuring 21-30 mm, the presence of a concentric or eccentric radial ultrasound image, or relative distance from the pleura. Conclusions: The robotic bronchoscopic system was successful at biopsying 97% of peripheral pulmonary lesions 10-30 mm in size in human cadavers. These findings support further exploration of this technology in prospective clinical trials in live human subjects.
Introduction
The successful diagnosis of peripheral pulmonary lesions continues to present clinical challenges, particularly for smaller pulmonary nodules. Despite technical advancements, including image guidance during bronchoscopy using electromagnetic navigation and ultrasoundbased approaches such as radial probe endobronchial ultrasound, no singular approach has demonstrated consistently high yields [1, 2] .
One potential limitation of current approaches using conventional bronchoscopes may be reach into the lung periphery. As the bronchial tree narrows with each generation, the ability to advance conventional bronchoscopes into close proximity to targeted nodules may be suboptimal.
Another potential limitation of conventional bronchoscopy may be control and precision of instrumentation at the time of biopsy. Multiple publications have reported that the diagnostic yield of guided bronchoscopy is significantly higher when the peripheral lesion surrounds the bronchus compared to when the lesion is adjacent to the nearest bronchus [3] [4] [5] . Failure of current approaches may in part be due to the lack of fine motor control of instrumentation in the periphery.
Robotic bronchoscopic platforms have been developed as a method to potentially supplement the bronchoscopists' ability to reach and access peripheral lung lesions [6, 7] . These systems have redesigned scope configurations that provide additional structural support as well as increased articulation points designed to potentially improve peripheral lesion biopsies.
We have previously demonstrated improved reach into the periphery of human cadaveric lungs using a robotic bronchoscopic platform when compared to a conventional thin bronchoscope of identical outer diameter, though the clinical implications of added reach on diagnostic yield are unclear [8] . We performed this study to further evaluate a robotic bronchoscopic system's ability to reach and access artificial tumor targets simulating peripheral nodules in human cadaveric lungs. 
Robotic Bronchoscopic System
The robotic bronchoscopic system is composed of a tower with a monitor as well as a unit that houses automated arms that control insertion, retraction, and articulation of an outer sheath (6.0 mm outer diameter) and inner scope (4.4 mm outer diameter) that has a 2.1-mm working channel. The sheath and scope are driven using a handheld controller and may be operated simultaneously as a unit, or independently ( Fig. 1 ).
Cadaver Preparation
Eight fresh cadavers with intact head and torsos were prepared for this study. Artificial tumor targets were created using a mixture of agar, gelatin, iodinated contrast, colored mica powder, and wa- ter heated to an aqueous solution which was injected transthoracically into the lung parenchyma using fluoroscopic guidance. This technique was modified from a previously validated approach creating tumor "targets" that produce a realistic ultrasound image of tissue dense lesions that are visible on CT scanning [9] . The relative distance from the visceral pleura was estimated at the time of injection to provide a heterogenous distribution of peripheral pulmonary lesions approximately 0-30 mm from the pleura. The volume of material injected was controlled to create lesions 10-30 mm in diameter as measured on axial CT imaging. A minimum of 8 targets were injected into each cadaver. Thin-slice CT scans were subsequently performed on all cadavers (Fig. 2) .
Training
Prior to study procedures, all 8 bronchoscopists performed robotic bronchoscopy on at least 4 cadavers without implanted tumor targets to gain familiarity with the system. During these pro-cedures, the bronchoscopists received training from Auris team members regarding manipulation of the system and performing biopsies. During study cases, no external assistance from Auris team members was permitted to assist bronchoscopists during the procedures.
Procedures
All cadavers were intubated and mechanically ventilated during the procedures. Each operator performed bronchoscopy on 1 dedicated cadaver using the robotic bronchoscopic platform. When targeting peripheral lesions, the outer sheath and inner scope were advanced to the orifice of the targeted bronchus where the outer sheath was "parked." The inner scope was subsequently advanced further into the lung parenchyma towards targeted lesions using a combination of direct endoscopic visualization, electromagnetic navigational guidance, and fluoroscopy ( Fig. 3 ). Once the bronchoscopist was positioned at the estimated location of the targeted lesion, radial probe endobronchial ultrasound (UM S20-17S, Olympus, Tokyo, Japan) was introduced through the working channel of the system and was used to survey the lung parenchyma and confirm lesion localization. Radial ultrasound images were recorded as "concentric" when the ultrasound representation of the targeted lesion surrounded the radial EBUS probe and "eccentric" when the ultrasound image was biased to one side of the radial EBUS probe with no component of the lesion surrounding the probe ( Fig. 4 ).
Biopsy
Following lesion localization, transbronchial needle aspiration (TBNA) was performed in all cases using a 24-G TBNA needle (Auris Health). Specimens were immediately evaluated using light microscopy and were recorded as "diagnostic" when pigmented mica powder was observed within aspirated specimens and "non-diagnostic" when pigmented powder was absent ( Fig. 5 ). Needles were thoroughly rinsed with saline and purged with air between aspirates to limit the possibility of cross-contamination. Following TBNA, transbronchial biopsies were obtained using flexible forceps at the discretion of the bronchoscopist.
Statistical Analysis
Continuous data are presented as the mean (standard deviation, SD) and the median (range). The Fisher exact test was used to determine the significance of 2 × 2 contingency tables. Statistical analyses were performed using JMP 14 software. Table 1 lists the lobar distribution of all nodules.
Results

Cadaver and Nodule Characteristics
Diagnostic Yield
The diagnostic yield of robotic-assisted bronchoscopic TBNA for all nodules was 63/67 (94%). Transbronchial forceps biopsy was performed in 11 nodules and provided the diagnosis for 2 cases in which TBNA was non-diagnostic, producing an overall diagnostic yield of 65/67 (97%). For nodules measuring 21-30 mm, the diagnostic yield was 21/21 (100%); for nodules smaller than 20 mm, the diagnostic yield was 44/46 (95.7%; p > 0.999). For lesions with an eccentric ultrasound view, the diagnostic yield was 47/48 (97.9%) compared with 10/11 (90.9%) in patients with a concentric view (p = 0.341). The diagnostic yield for nodules < 10 mm from the pleura was 18/20 (90%) compared with 47/47 (100%) nodules ≥10 mm from the nearest pleural surface (p = 0.086; Table 2 ).
Airway Trauma
Cadaveric airways were thoroughly inspected during navigation to targeted lesions as well as following biopsies during removal of the robotic scope from the distal bronchus. No obvious airway trauma was identified during study procedures. 
Discussion
An estimated 1.6 million new pulmonary nodules will be detected by chest CT scans annually in the USA. While most of these findings will be followed with surveillance imaging, many will require a tissue diagnosis [10] . The diagnostic yield of current bronchoscopic approaches for pulmonary nodules 10-30 mm in size continues to challenge clinicians, and with the broadened adoption of lung cancer screening there may be increasing demands placed on bronchoscopists to offer diagnostic procedures using safe and minimally invasive techniques. Despite increased experience using approaches such as electromagnetic navigation and radial probe endobronchial ultrasound, the diagnostic yield in this patient population may be suboptimal. A recent prospective, randomized controlled trial comparing conventional bronchoscopy with fluoroscopic guidance to bronchoscopy using a thin scope and radial probe endobronchial ultrasound failed to show a statistically significant difference between groups in patients with peripheral pulmonary lesions 1.5-5 cm in size, with an overall diagnostic yield of less than 50% [11] .
Some potential limitations of guided techniques using conventional bronchoscopes may be reach into the lung periphery and control and precision at the time of biopsy. Another limiting factor may be the anatomical relationships of peripheral lesions and the segmental bronchi that are used to access them. Several studies using radial probe endobronchial ultrasound and conventional bronchoscopy have demonstrated diagnostic yields of 80% or greater with a concentric ultrasound image which is obtained when the nodule surrounds the bronchus, compared with yields of 30-40% with an eccentric ultrasound image that indicates that the nodule is adjacent to the bronchus [12] . A review of nearly 300 patients demonstrated eccentric ultrasound views in nearly half of patients, suggesting that improved control and dexterity of instruments at the time of biopsy may improve the diagnostic yield in a significant proportion of patients with peripheral lesions [13] .
Recently, robotic endoscopic systems have been introduced as platforms to potentially improve diagnostic yields for peripheral lesion biopsy. These systems utilize uniquely designed catheters and scopes that incorporate multiple articulation points which may influence procedural characteristics during bronchoscopy. The outer sheath of the robotic platform may provide additional structural support that facilitates advancement of the inner scope further into the lung parenchyma, and the ability to maneuver and control the distal end of the inner scope through multiple active articulation points may provide the bronchoscopist with the ability to aim biopsy instruments with greater precision than with conventional approaches. Additionally, these platforms incorporate image guidance such as electromagnetic navigation and have working channels compatible with radial ultrasound probes and conventional biopsy tools.
Despite these potential advantages, robotic-assisted bronchoscopy is in its early phases and relatively little has been published regarding how these systems may affect procedural outcomes. We have previously reported that a robotic endoscopic system comprised of a 6.0-mm outer sheath and scope with an outer diameter of 4.4 mm was able to reach further into the lung periphery than similarly sized conventional thin bronchoscopes. This current study was performed to evaluate the potential clinical implications of added reach, along with control and maneuverability for biopsying peripheral nodules 10-30 mm in diameter in cadaveric lungs.
In this study, the robotic endoscopic system was successful at biopsying peripheral lesions in the cadaveric model regardless of size (between 10 and 30 mm), location relative to the pleura, or the presence of an eccentric or concentric radial ultrasound view. This last metric may be of particular clinical significance as the ability to successfully biopsy lesions which are adjacent to peripheral bronchi is suboptimal at this time using contemporary bronchoscopic techniques. The success of peripheral lesion biopsy in this study may be due to factors such as reach into the lung periphery, as well as scope control at the time of biopsy. For lesions that were beyond 20 mm of the tip of the robotic system, the ability to articulate along multiple points of the scope in concert with navigational alignment may assist with passing biopsy instruments directly into targeted lesions.
Potential limitations to interpreting the applicability of these findings should begin with assessment of the models themselves. Despite the inclusion of mechanical ventilation, fluoroscopy, electromagnetic navigation, radial ultrasound, and cadavers with intact head, neck, shoulders, and torsos to simulate live human procedures, cadaver tissue may respond differently than live human tissue. The preserved and cooled nature of cadavers may not be reflective of dynamic changes associated with bronchoscope manipulation and respiratory variation in live subjects. While no overt airway trauma was observed during the bronchoscopy procedures, the effect of robotic bronchoscopes on live human airway tissue will best be defined through ongoing human pilot studies utilizing the system. Additionally, targeted lesions in this study Respiration 2020;99:56-61 DOI: 10.1159/000504181 were artificially created, and therefore differ from naturally occurring pulmonary nodules in live human subjects. Despite this, all efforts were made to produce peripheral lesions that closely mimicked pulmonary nodules. Lesion size was carefully controlled by limiting the volume of injected material and anecdotal feedback from all bronchoscopists was that these lesions very closely simulated the appearance of peripheral pulmonary nodules in patients. To minimize potential bias and confounding factors, the bronchoscopists were not involved in any portion of cadaver preparation, including implantation of the tumor targets.
As a feasibility study of new technology, the specific aim was to evaluate the ability of the robotic system to locate and biopsy peripheral lesions in human lungs in a controlled environment. The inability to reach, localize, and biopsy peripheral lesions in a controlled setting using the robotic system would likely preclude the ability to further investigate the platform in live human subjects. As such, the focus of this study was on feasibility of the robotic system alone and the omission of a control arm using conventional bronchoscopic biopsy was intentional; any comparison to current bronchoscopic practices will be better determined in prospective comparative trials with live human subjects.
In conclusion, the robotic bronchoscopic system used in this study was successful at biopsying 97% of peripheral pulmonary lesions 10-30 mm in size in human ca-davers. These results support the idea that this platform may potentially improve the diagnostic yield of peripheral pulmonary lesions and merits the progression to studies in live human subjects to further explore these findings.
